We have developed a n ew energy harvester for harnessing energy from the Kármán vortex street behind a b luff body in a water flow. I t converts flow energy into electrical energy through oscillation of a piezoelectric film. Oscillation of the piezoelectric film is induced by pressure fluctuation in the Kármán vortex street. Prototypes of the energy harvester are fabricated and tested. Experimental results show that an open circuit output voltage of 0.12 pp V and an instantaneous output power of 0.7 nW are generated when the pressure oscillates with an amplitude of ~0.3 kPa and a frequency of ~52 Hz. This approach has the potential of converting hydraulic energy into electricity for powering wireless devices. The low output power of the device can be improved by an optimization design procedure or by adopting a p iezoelectric material with higher piezoelectric constants. A n array of these devices with multiple resonant frequencies may be considered for energy harvesting from ambient flow sources.
Introduction
Recent development of wireless sensor networks allowing real-time industrial process monitoring, machine health monitoring, environment monitoring, healthcare applications, and traffic control demands an economical source of energy not requiring fuel or replacement of finite power stores. Considerable effort is focused on use of renewable energy coming from natural resources such as flowing water, rain, tides, wind, sunlight, geothermal heat and biomass. R enewable energy from small-scale hydro, modern biomass, wind, solar, geothermal and biofuels accounted for 2.7% of global final energy consumption in 2008 and is growing very rapidly [1] .
Small hydro systems using turbines/wheels can be used to convert mechanical energy from water flow into electricity. Krähenbühl et al. [2] designed an electromagnetic harvester based on a turbine driven by water pressure drop in throttling valves and turbo expanders in plants that outputs 150 W power with a rotation speed of 490000 r pm. T heir device comprises a turbine and a permanent generator. A detailed electromagnetic machine design, rotor dynamics analysis and a thermal design were required to construct their energy harvester. Holmes et al. [3] reported an electromagnetic generator integrated with a m icrofabricated axial-flow microturbine. The power output of the fabricated microdevice can be as high as 1.1 mW per stator when operated at a rotation speed of 30000 r pm, but the fabrication processes for their prototype involve deep reactive ion etching, multilevel electroplating, SU8 processing and laser micromachining. H errault et al. [4] presented a r otary electromagnetic generator to harvest the mechanical energy of an air-driven turbine. The fabrication of their device requires electroforming, magnet demagnetization and laser machining. A maximum output power of 6.6 mW is attained when their device is driven at a rotation speed of 392000 rpm by an air turbine. The devices of Krähenbühl et al. [2] , Holmes et al. [3] and Herrault et al. [4] require elaborate techniques for fabrication of their stator-rotor subcomponents and high rotation speeds for efficient energy harvesting. A device with simpler structure design and ease of application may be needed to extract energy from fluid motion for microsensor and communications applications.
Installations with miniaturized pipe-line systems may provide an alterntive for harvesting small scale water flow energy. Sanchez-Sanz et al. [5] assessed the feasibility of using the unsteady forces generated by the Kármán street around a micro-prism in the laminar flow regime for energy harvesting. T hey presented design guidelines for their devices, but fabrication and demonstration of the proposed device are not shown in their work. Allen and Smits [6] used a p iezoelectric membrane placed behind the Kármán vortex street formed behind a bluff body to harvest energy from fluid motion. They examined the response of the membrane to vortex shedding. The power output of the membrane is not presented. Taylor et al. [7] developed an eel structure of piezoelectric polymer to convert mechanical flow energy to electrical power. They have focused on characterization and optimization of the individual subsystems of the eel system with a generation and storage units in a wave tank. Design and deployment of the eel system need further investigation. T ang et al. [8] designed a fluttermill to generate electricity by extracting energy from fluid flow. Their structure is similar to the eel systems of Allen and Smits [6] and Taylor et al. [7] . T hey investigate the energy transfer between the structure and the fluid flow through an analytical approach. T hese authors utilized the flow-induced vibrations of fluid-structure interaction system to extract energy from the surrounding fluid flow [9] . The eel structures of Allen and Smits [6] , Taylor et al. [7] and Tang et al. [8] have the potential to generate power from milli-watts to many watts depending on system size and flow velocity, but a power-generating eel has not been demonstrated. In this report, we demonstrate a new device for energy harvesting from pressure fluctuations in the Kármán vortex street, where a p iezoelectric film is placed on top of a f lexible diaphragm, which is located in the wake of a bluff body. The piezoelectric film oscillates on a flexible diaphragm due to the vortices shed from the bluff body in a water flow. As illustrated in Fig. 1(a) , a flow channel with a flexible diaphragm is connected to a flow source. A piezoelectric film of a cantilever type is glued to a bulge affixed to the top surface of the flexible diaphragm. A bluff body is placed in the flow channel. Pressure in the flow channel behind the bluff body may fluctuate with the same frequency as the pressure variation caused by the Kármán vortex street. Fig. 1(b) shows that the pressure in the channel causes the diaphragm and the piezoelectric film to deflect in the upward direction. As the pressure increases to the maximum, the diaphragm reaches its highest position (Fig. 1(c) ). When the pressure drops, the diaphragm and the piezoelectric film deflect downward ( Fig. 1(d) ). As the pressure decreases to the minimum, the diaphragm reaches its lowest position ( Fig. 1(e) ). Thus, by placing the energy harvester in a flow source, the oscillating movement of the diaphragm with the cantilever piezoelectric film attached to it m akes the energy harvesting possible. 
Methodology

Operational principle
A piezoelectric energy harvester considered in this investigation is shown in Fig. 2(a) . Fig.  2(b) is an exploded view of the energy harvester. The dimensions of the energy harvester are indicated in Fig. 2(b) . It consists of a flow channel, a bluff body, a polydimethylsiloxane (PDMS) diaphragm bonded to the channel, and a piezoelectric film attached to the PDMS diaphragm through a bulge made of acrylic blocks. Flow past a bluff body creates an unstable wake in the form of alternating vortices and induces periodic pressure variation [10] . T he frequency at which the vortices are shed from the bluff body is given by the Strouhal number, St, Fig. 2(a) . . The Young's modulus and Poisson's ratio of the PVDF are 3 GPa and 0.35, respectively. When used in a bending mode, the laminated piezoelectric film develops much higher voltage output when flexed than a non-laminated film. T he neutral axis is in the PE layer instead of in the PVDF film so the film is strained more when flexed. 
Fabrication and Experiments
In order to verify the effectiveness of the proposed energy harvesting device, prototypes of the energy harvester were fabricated. Fig. 3 is a photo of an assembled energy harvester. Its dimensions are indicated in Fig. 2(b) . F ig. 4 i s a photo of the experimental apparatus for testing of the fabricated device. The energy harvester is placed on an optical table for vibration isolation. From the bottom of a storage tank, an inlet pipe is run down to the inlet of the energy harvester. The water level in the storage tank is kept constant for a steady water flow at the inlet of the flow channel. Using gravity, water is forced into the inlet of the energy harvester. T ap water is pumped into the storage tank through a pump located in a recycle tank. A n outlet pipe extending between the outlet of the energy harvester and the recycle tank provides a continuous supply of water. T he oscillating deflection of the piezoelectric film is measured by a fiberoptic displacement sensor (MTI-2000, MTI Instruments Inc., US). The generated voltage of the piezoelectric film is recorded and analyzed by a data acquisition unit (PCI-5114, National Instruments Co., US). The pressure in the pressure chamber is measured with a subminiature pressure sensor (PS-05KC, Kyowa Electronic Instruments Co. Ltd., Japan) embedded in the bottom plate of the flow channel. The pressure sensor is connected to a data acquisition unit (DBU-120A, Kyowa Electronic Instruments Co. Ltd., Japan). 
Results
The experimental results are shown in Fig. 5 . Fig. 5(a) shows the pressure history in the flow channel behind the bluff body, where the pressure oscillates with an amplitude of nearly 0.3 kPa and a frequency of 52 H z. T he measured deflection history of the free end of the piezoelectric film is shown in Fig. 5 , which is turbulent. The frequency of the pressure fluctuation is nearly 52 Hz (Fig. 5(d) ), which is the rate at which the vortices are shed from the bluff body. Using the equation
, the corresponding value of St is estimated as 0.204. White [12] reported an average St about 0.21 for the shedding from a circular cylinder immersed in a steady flow occurring in the range 7 2 1 0 R e 1 0 < < . The estimated value of St for a trapezoidal bluff body of the experiments is reasonable compared with the value 0.21 reported by White [12] . The experimental values of St for trapezoidal cylinders with the height ratio, . Ho and Huerre [15] commented that the values of St changes from 0.016 for a laminar flow to 0.022-0.024 for turbulent flow. Based on the reported experimental data [12] [13] [14] [15] , the estimated value of St, 0.204, based on the experiments carried out in this investigation could be acceptable. A matched load can be connected to the device to evaluate the power output of the device. The internal electrical resistance of the device is measured by a LCR meter (WK 4235,
, where R is the resistance value of the matched load and Ṽ is the root-meansquare value of the voltage drop across the matched load. By connecting the matched load of 655 Ω k to the device and detecting the voltage drop across the matched load, 14.89 rms mV , the instantaneous power is determined as 0.7 nW .
Discussions
The output power of the device is relatively low, given the structure design of the flow channel, the bluff body and the cantilever piezoelectric film. In order to obtain a higher output power of the piezoelectric energy harvester, the dimensions and structure of the device can be optimized, and a piezoelectric material with higher piezoelectric constants can be adopted. In this investigation, the device is not operated at its resonance frequency. Most energy harvesting device based on piezoelectric effects have focused on single-frequency ambient energy, i.e. resonance-based energy harvesting [16] . The resonance frequency of the energy harvesting device can be tailored to the shedding frequency of the Kármán vortex street in order to increase the output power of the device. For random and broadband ambient flow sources, such a device may not be robust. A structure with multiple resonant frequencies may also be considered for energy harvesting from random vibrations with multiple resonant peaks, for example a segmented composite beam with embedded piezoelectric layers [17] .
In order to generate the pressure fluctuation of the Kármán vortex street in the channel, a flow source assisted by gravity is used to force tap water into the flow channel in the laboratory environment. Energy can be harvested from pipe flows, blood flow in arteries [18, 19] , or air flow in tire cavities. The proposed device can be deployed on slopes to provide electricity for wireless sensor networks for detection of landslides. Landslides are usually preceded by heavy rainfalls, and the device can harvest the energy of the water flow along slopes due to rainfall. E nergy harvesting from regular, periodic shedding can be integrated into tire pressure monitoring systems to harness the energy of air flow in tire cavities, or self-powering implantable and wireless devices in human bodies to convert the hydraulic energy of flow of body fluid.
